Kawasaki disease (OMIM 300530) is an acute, self-limited vasculitis of infants and children characterized by prolonged fever unresponsive to antibiotics, polymorphous skin rash, erythema of the oral mucosa, lips and tongue, erythema of the palms and soles, bilateral conjunctival injection and cervical lymphadenopathy 1 . Coronary artery aneurysms develop in 15-25% of those left untreated 2 , making Kawasaki disease the leading cause of acquired heart disease among children in developed countries. Treatment with intravenous immunoglobulin (IVIG) abrogates the inflammation in approximately 80% of affected individuals and reduces the aneurysm rate to less than 5%. Cardiac sequelae of the aneurysms include ischemic heart disease, myocardial infarction and sudden death 3 . Epidemiological features such as seasonality and clustering of cases suggest an infectious trigger, although no pathogen has been isolated and the etiology remains unknown.
Several lines of evidence suggest the importance of genetic factors in disease susceptibility and outcome. First, the incidence of Kawasaki disease is 10-20 times higher in Japan than in Western countries 4 . Second, the risk of Kawasaki disease in siblings of affected children is 10 times higher than that in the general population (l s ¼ 10), and the incidence of Kawasaki disease in children born to parents with a history of Kawasaki disease is twice as high as that in the general population 5, 6 . Familial aggregation of the disease has also been observed 7 . Although association studies have identified candidate genes that may influence Kawasaki disease susceptibility, a systematic genetic approach has not been previously applied to study this disease.
Recently, we conducted affected sib-pair analysis of Kawasaki disease 8 that demonstrated linkage to several chromosomal regions, including chromosome 19. Here we show the results of linkage disequilibrium (LD) mapping carried out on 19q13.2, through which we identified a functional SNP in intron 1 of ITPKC that is significantly associated with risk of Kawasaki disease and with formation of coronary artery aneurysms. We also characterized ITPKC as a negative regulator of the Ca 2+ /NFAT signaling pathway in T cells.
RESULTS

Linkage disequilibrium mapping
Through linkage analysis of 78 Japanese sib pairs concordant for Kawasaki disease, we identified a peak in the maximum lod-score plot at 19q13.2-13.3, located about 65.4 cM (48 Mb) from the p terminus of the chromosome 8 (Fig. 1a ). An initial screening of 1,222 SNPs in 94 individuals with Kawasaki disease and 564 controls (see Supplementary Methods online) identified 131 candidates (P o 0.05; Supplementary Table 1 online). Through association analysis of these 131 SNPs in an independent cohort of 276 Japanese individuals with Kawasaki disease and 282 controls, we found a cluster of three SNPs that were highly significant (P o 0.01; Fig. 1b and Table 1 ). The three SNPs (adck4_14, flj41131_3 and rab4b_2) were in strong linkage disequilibrium (r 2 4 0.85) within a single LD block identified by the HapMap database (Fig. 1c) . In this LD block spanning about 150 kb, eight genes had been mapped: Numb (Drosophila) homolog like (NUMBL), aarF domain containing kinase 4 (ADCK4), ITPKC, hypothetical protein LOC284325 (FLJ41131), small nuclear ribonucleoprotein polypeptide A (SNRPA), melanoma inhibitory activity 45, 900 46,000
p ter. Table 2 online). We discovered one previously unknown and five known SNPs that were in the same LD group (r 2 4 0.80) with the initial three SNPs ( Table 1) . We confirmed the association of these nine SNPs with Kawasaki disease in an independent case-control set (267 individuals with Kawasaki disease and 752 healthy controls; Tables 1 and 2 ). The association of these SNPs remained significant after Bonferroni correction for multiple testing (n ¼ 1,222, P o 0.001). Meta-analysis of these two independent sets by the Mantel-Haenszel method confirmed significance (Supplementary Fig. 1 online) . Transmission disequilibrium test (TDT) analysis of 209 US multiethnic trios showed asymmetric transmission of four of the nine SNPs (numbl_6, adck4_14, itpkc_3 and flj41131_3; Table 2 ). Of the 209 US trios, 106 were European Americans, and asymmetric transmission of these same four SNPs was again observed in this subgroup (data not shown). The results of a combined analysis of Japanese case-control and US TDT studies are summarized in Supplementary Figure 1 . The significance of these SNPs in two different ethnic populations provided further evidence that genetic variation at this locus influences Kawasaki disease susceptibility.
LD analysis of the European American subgroup (n ¼ 106) showed that the 150-kb region containing the nine SNPs was separated into three LD blocks: the four significant SNPs on the p-terminal side, the three in the middle and the other two on the q-terminal side ( Supplementary Fig. 2 online) . Hence, the difference in haplotype structure in the European American and Japanese populations suggested that these four SNPs were the likely candidates influencing Kawasaki disease susceptibility. The SNPs were located within introns of NUMBL, ADCK4, ITPKC and FLJ41131, respectively ( Fig. 1c and Supplementary Table 2 ).
Identification of ITPKC as the most plausible candidate gene
To determine the most likely candidate gene out of the four, we first carried out multivariate analysis of the four SNPs to assess whether a single causal SNP or some synergistic interaction of the SNPs within the locus conferred the disease risk. However, the likelihood ratio test applied to each single SNP showed a similar trend of association in simple contingency table analyses (P ¼ 0.00027, 0.000061, 0.000081 and 0.000067 for numbl_6, adck4_14, itpkc_3 and flj41131_3, respectively). Moreover, no epistasis worthy of note was shown between any two of the four SNPs or in any combination of each significant SNP and the other SNPs of the same gene region that were not independently associated with Kawasaki disease (data not shown). It seemed likely that the strong LD of the locus made the association of these SNPs equivalent. Thus, we considered that further biological evidence would be needed to identify the causal SNP and the gene responsible for the association.
We then reviewed the function of the four positional candidate genes. Although none of these had been previously recognized to have a role in immune activation, we postulated that ITPKC was the most likely candidate for such a role. ITPKC is one of the three isoenzymes of inositol 1,4,5-trisphosphate 3-kinase (ITPK) that phosphorylate inositol 1,4,5-trisphosphate (IP3), a key second messenger in many cell types. ITPK has been postulated to have a critical role in T-cell receptor (TCR) signaling, as IP3 kinase activity in Jurkat cells is rapidly upregulated after TCR stimulation 9 , although the relative importance of the three known isoenzymes, ITPKA, ITPKB and ITPKC, has not yet been determined. Because individuals with Kawasaki disease have marked activation of the immune system, we hypothesized that the ITPKC might have a role in regulation of the immune response.
To study the role of ITPKC, we first analyzed the tissue distribution of ITPKC expression by RT-PCR. We detected expression in all tissues sampled, with the highest constitutive expression in cerebellum, lung and skeletal muscle. In the latter two tissues, high expression had been shown by RNA blot analysis in a previous report 10 (Fig. 2a) . Low expression was detected in immune-related organs such as bone marrow, spleen, thymus and resting peripheral blood mononuclear cells (PBMCs). However, expression was notably induced in PBMCs when stimulated with phorbol 12-myristate 13-acetate (PMA) and the Ca 2+ ionophore ionomycin (Fig. 2a) . We compared the mRNA expression of the three isoenzymes in PBMCs and two leukemic cell lines (Jurkat and K562). Before stimulation, the expression of all three isoenzymes was low; after stimulation, only the expression of the ITPKC isoenzyme was induced (3-to 7-fold increase; Fig. 2b ). This result prompted us to pursue ITPKC as the most likely candidate gene in the associated haplotype block.
To determine whether any of the four SNPs in ITPKC or adjacent loci affected transcript abundance of ITPKC in vivo, we carried out allele-specific transcript quantification (ASTQ; Fig. 3 ). The RT-PCR product from mRNA isolated from PBMCs of individuals with haplotype II (G allele in itpkc_14), but not haplotypes I and III, could be digested with SmaI (Fig. 3a) . The SmaI-treated RT-PCR product from six individuals with haplotypes II and III had a higher ratio of digested to undigested forms, suggesting lower transcript abundance from haplotype III (containing alleles associated with Kawasaki disease susceptibility; Fig. 3b, lanes 1-6) . Five individuals with haplotypes I and II (containing alleles not associated with Kawasaki disease susceptibility and the C-or G-allele at itpkc_14, respectively; Fig. 3b, lanes 7-11) had an equal ratio of digested to undigested PCR product, suggesting that the difference between haplotypes II and III was due to the SNPs. The mean ratio was 1.51 for the former group and 0.93 for the latter (P o 0.0001; Fig. 3c ). This finding further encouraged us to consider ITPKC as the most plausible candidate gene in the locus.
Regulatory role of ITPKC in T-cell activation
The increase in ITPKC expression after cell stimulation prompted us to study the role of IPTKC in immune activation (Fig. 4) . IP3 is generated by the hydrolysis of phosphatidylinositol 4,5-biphosphate by phospholipase C when activated by various external stimuli 11 . In T cells, IP3, released by stimulation of the TCR complex, increases intracellular Ca 2+ through IP3 receptors (IP3Rs) expressed on endoplasmic reticulum 12 . Subsequent Ca 2+ influx across the plasma membrane leads to nuclear translocation of nuclear factor of activated T cells (NFAT) and activates transcription of interleukin-2 (IL2) and other cytokines 13, 14 . We postulated that ITPKC regulates NFAT by modulating the abundance of IP3. When ITPKC was overexpressed in Jurkat cells, NFAT-mediated activation after stimulation with phytohemagglutinin (PHA) and PMA was significantly reduced (Fig. 4b) . Next, we assessed NFAT-mediated activation when expression of ITPKC was decreased. In contrast to overexpression, knockdown of ITPKC using plasmids expressing short hairpin RNA (shRNA) resulted in enhanced NFATmediated activation in response to the same stimulation (Fig. 4f,g ). ITPKA and ITPKB also catalyze phosphorylation of IP3, and their expression was observed in PBMCs, even though the expression was much lower than that of ITPKC (Fig. 2b) . Thus, we assessed mRNA expression of these two genes to exclude the possibility that the shRNA designed for ITPKC also silenced ITPKA and ITPKB, thereby accounting for the effect on NFAT activation. We observed no suppression and actually saw a slight increase in transcript concentrations for both genes (Fig. 4d,e) . Consistent with these results, IL2 transcription in stimulated Jurkat cells decreased in response to ITPKC overexpression and increased following ITPKC knockdown (Fig. 4c,h ). Given that NFAT mediates the expression of many proteins beside IL-2 that have important roles in T-cell regulation, ITPKC, and not ITPKA or ITPKB, may act as a key negative regulator of T-cell function.
Functional significance of itpkc_3
As none of the four significant SNPs was located in a protein coding region of ITPKC (Fig. 3a) , we investigated the role of these SNPs in Supplementary Fig. 3a online) . The SNP is located within intron 7 of FLJ41131, but because of close tail-to-tail gene arrangement (Fig. 1c) , the distance between the SNP and the 3¢ end of the ITPKC gene is only 1.2 kb. We tested the hypothesis that flj41131_3 affects the expression of ITPKC by altering activity of an enhancer element outside the gene. However, we observed no significant difference in luciferase assays using constructs corresponding to the two alleles of flj41131_3 ( Supplementary Fig. 3b ). Moreover, we did not observe higher concentrations of the digested transcripts in ASTQ analysis of an individual who was heterozygous at flj41131_3 and homozygous for major alleles at itpkc_3, adck4_14 and numbl_6 (data not shown). These findings led us to examine the functional significance of SNPs other than flj41131_3. No transcription factor was clearly predicted to bind to any alleles of numbl_6, adck4_14 and itpkc_3, and luciferase assays with constructs for these SNPs showed no functional effects ( Supplementary Fig. 3c ). Thus, we explored other possible mechanisms by which these SNPs might alter ITPKC expression. Differences in splicing efficiency associated with nucleotide changes within introns have previously been observed 15, 16 . Of the four significant SNPs, only itpkc_3 was located in an intron of ITPKC (Fig. 3a) . Its location near the 5¢ splice site further encouraged us to investigate the role of this SNP in regulating splicing. We constructed a minigene containing a truncated intron 1 with portions of exons 1 and 2 at either end and the luciferase gene fused in-frame downstream of exon 2 (Fig. 5a) . When transfected into Jurkat cells, the plasmid containing the C allele had significantly lower luciferase activity compared to the plasmid containing the G allele (Fig. 5b) . RT-PCR with primers designed to amplify cDNAs generated from transcripts of these plasmids yielded two bands. The lower and upper bands corresponded to spliced and unspliced transcripts, respectively. As expected, we observed a lower spliced/unspliced ratio of the transcripts for the C allele (Fig. 5c) . Because no amplification was observed from the templates without a reverse transcriptase step, a possible plasmid DNA contamination in the cDNA templates as the source of the 'unspliced' bands was excluded. To our knowledge, no splice variants of this gene using a different 5¢ splice site, which could rescue splicing inefficiency 17 , have been reported in the literature or public databases. Furthermore, RT-PCR of the transcripts in PBMCs from individuals with the C allele did not detect such variants (data not shown). Therefore, we speculate that reduced splicing associated with the C allele could result in lower ITPKC transcript concentrations that might, in turn, lead to increased T-cell activation.
Association analysis with stratified samples
To further explore the effects of the proposed risk allele, we stratified the samples by the following two factors: family history of Kawasaki disease and presence of coronary artery lesions (CALs). Among the 78 Japanese affected sib pairs, 40 pairs shared more than one allele near itpkc_3. In this subset, the itpkc_3 C allele was over-represented compared to controls (n ¼ 40, odds ratio (OR) ¼ 2.46, 95% confidence interval (CI) ¼ 1.30-4.65; Table 3 ). We observed the same trend in Japanese probands with a positive family history of Kawasaki disease (n ¼ 101, OR ¼ 2.46, 95% CI ¼ 1.63-3.73; Table 3 ). These data strongly corroborate the association between itpkc_3 and Kawasaki disease. This allele also seemed to confer an increased risk of developing CALs (Japanese individuals with Kawasaki disease: n ¼ 106, OR ¼ 2.05, 95% CI ¼ 1.37-3.08; US individuals with Kawasaki disease: n ¼ 108 OR ¼ 3.36, 95% CI ¼ 1.72-4.96; Table 3 ).
DISCUSSION
We identified a SNP that contributes to Kawasaki disease susceptibility and disease outcome, starting from an LD mapping strategy for the chromosome 19q13.2-13.3 region for which evidence of linkage was observed in a previous sib-pair analysis 8 . We showed for the first time that ITPKC in humans is inducible in PBMCs and modulates NFAT activation. We further defined a role of ITPKC as a negative regulator of T-cell activation by showing that the itpkc_3 C allele results in increased IL2 transcript abundance.
To our knowledge, alteration of splicing efficiency as a result of a single base substitution at nine nucleotides from the 5¢ splice site has been rarely observed 18 . The SNP position was outside the limit of the consensus donor site sequence (+6) 19 , and no cryptic splice site was generated by the nucleotide change. One possible explanation for this finding could be that a GGG motif might act as an intronic splicing control element, and the alteration of the motif to GGC reduced this activity. In an analysis of mammalian genomes, G nucleotides and G triplets were over-represented at the ends of introns 20, 21 . Cumulative evidence suggests that these G-rich sequence elements have an important role in pre-mRNA splicing 15, 16, 22, 23 . Change in the secondary structure of the pre-mRNA by a nucleotide substitution outside the consensus sequence 24, 25 is another possible mechanism that could influence splicing. When the structure of pre-mRNAs in this region was predicted using the Mfold program (see URLs section in 
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Methods), the C-allele transcript was found to be likely to form a more stable stem-loop structure than the G-allele transcript ( Supplementary Fig. 4a online) . An electrophoresis mobility shift assay (EMSA) using RNA oligonucleotides including itpkc_3 and nuclear extracts from either HeLa or Jurkat cells showed specific binding of an unknown protein to the G allele ( Supplementary Fig. 4b) . Identification of the RNA-binding nuclear factor may reveal the precise mechanism through which this SNP alters transcript abundance.
The biological impact of this SNP in Kawasaki disease pathogenesis requires further study. The weaker negative regulatory effect of itpkc_3 C allele on IL2 is consistent with the significant elevation of IL-2 in acute Kawasaki disease compared to other febrile illnesses 26 . Autopsy studies in children who die during the acute phase of Kawasaki disease show infiltration of T cells, particularly CD8 + cytotoxic T cells (CTL), into the coronary artery wall 27 . This suggests that T-cell activation and infiltration into selected compartments are critically involved in the pathogenesis of Kawasaki disease. Increased activation of T cells influenced by the ITPKC polymorphism may be responsible for a greater and more prolonged expansion of pro-inflammatory T cells during the acute phase, thus affecting Kawasaki disease susceptibility and leading to greater disease severity.
The association of the itpkc_3 C allele with Kawasaki disease may have direct clinical implications. In both Japan and the United States, approximately 10-20% of individuals with Kawasaki disease are resistant to IVIG therapy, and these individuals are at highest risk of developing CALs. Although the sample size was limited, the C allele also conferred an increased risk of IVIG resistance in the US cohort for which information regarding IVIG response was available (n ¼ 37, OR ¼ 4.67, 95% CI ¼ 1.34-16.24; Supplementary Table 3 online). Clinical scoring systems have been devised to identify this subgroup, but there is room for improvement in sensitivity and specificity to make them truly useful clinical tools [28] [29] [30] [31] . Identifying a genetic signature for the subgroup of IVIG-resistant individuals would permit the use of more intensified therapy (for example, anti-cytokine therapy or plasmapheresis) to prevent the development of CALs. Cyclosporin A (CsA) mediates immunosuppression through blocking calcineurin, which is an important downstream molecule in the Ca 2+ / NFAT signaling pathway 32 . A single case report describes the successful use of CsA in an individual with Kawasaki disease resistant to IVIG 33 . If further study confirms the importance of the Ca 2+ /NFAT pathway in T-cell activation in acute Kawasaki disease, then a clinical trial of CsA in IVIG-resistant individuals may be warranted.
Because IP3 also acts as a second messenger in B cells, macrophages and neutrophils 11, 34 , the function of this SNP should be examined in these effector cells in Kawasaki disease. ITPKC is also expressed in the myocardium. The potential importance of IP3 and Ca +2 influx in the myocardium is also relevant to individuals with Kawasaki disease in whom subclinical myocarditis is a common feature of the acute illness. The potential role of this SNP in other inflammatory disorders of the vascular wall and myocardium, including other forms of systemic vasculitis, myocarditis and atherosclerosis, should also be considered.
METHODS
Subjects. The 564 control samples in the initial screening were members of the general Japanese population with various common diseases of adulthood unrelated to Kawasaki disease. Genotype data relating to 1,222 SNPs for this population was obtained from a database at our institute. We recruited 637 Japanese individuals with Kawasaki disease and 1,034 healthy control subjects from several medical institutes in Japan. The ethical committee of RIKEN approved the study, and all the parents of the patients gave written informed consent. All Japanese individuals with Kawasaki disease (male/female ratio ¼ 384:253) were diagnosed by pediatricians based on the Japanese criteria for the disease 35 . Mean age of disease onset was 29.3 months (range 2-127 months).
Trios of Kawasaki disease-affected children and their biological parents (n ¼ 209) were recruited at Rady Children's Hospital San Diego and at Boston Children's Hospital. Details regarding this cohort of US individuals with Kawasaki disease have been previously described 36 . Genomic DNA from whole blood, lymphoblastoid cell lines or mouth wash samples was extracted according to standard procedures. SNP genotyping. We genotyped SNPs using the Invader and TaqMan assays as described previously 37 .
Statistical analysis. The case-control association study was analyzed using a w 2 test. We carried out a multivariate logistic regression analysis for the association between Kawasaki disease and multiple SNPs using forwardbackward stepwise procedures to select SNPs and their interactions. For each step of the forward or backward process, we carried out a log likelihood test (0.05 significance threshold) to change the set of SNPs or their interactions. Meta-analysis of data from different case-control sets was conducted by MantelHaenszel methodology. The transmission disequilibrium test was performed using TDT software 38 integrated in Haploview version 3.32 (see URLs section below). Integration of the case-control and TDT data was conducted as previously described 39 .
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